Abstract: X-ray techniques have long been applied to chemical research, ranging from powder diffraction tools to analyse material structure to X-ray fluorescence measurements for sample composition.
Introduction
Chemistry has long been a forwardlooking field, with its researchers constantly developing new tools and pushing the limits of current techniques to answer a broad range of research questions. Chemistry has rapidly adopted X-ray Free Electron Lasers (XFELs) as yet another research tool in their panoply of techniques, taking full advantage of these highly-specialized sources of high energy photons. XFEL techniques are often similar to those developed at third-generation synchrotron light sources, which include X-ray spectroscopy, X-ray scattering, and X-ray imaging methods. [3] The fundamental difference between the properties of the two facilities is that whereas a storage ring produces a quasi-continuous beam of X-rays for experiments, XFELs produce short bursts of very intense X-rays at periodic intervals. A facility such as SwissFEL operates at a repetition rate of 100 Hz, producing 50 fs duration X-ray pulses with over 1 mJ of energy per pulse (10 12 photons/pulse). These properties make XFELs ideal for certain types of experiments, and in some cases have driven the development of entirely new techniques, such as nonlinear X-ray techniques. [4] In the following sections, we will introduce the details of the SwissFEL machine, beamlines and experimental stations, concluding with some examples of how the facility will be used for chemistry research.
Facility
The SwissFEL is located at the Paul Scherrer Institute (Villigen, Switzerland), which is the home to other large-scale user facilities including the Swiss Light Source, a third-generation synchrotron light source, SµS, the Swiss Muon Source, SINQ, the Swiss Spallation Neutron Source, and HIPA, the high-intensity proton accelerator. SwissFEL is located in the forest on the East side of the Aare river, with the building located partially underground. The building itself is just under 1 km long, starting from the injector and ending at the experimental hall. The facility includes large areas for the experiments, including 692 m 2 for the three soft X-ray Athos beamlines and instruments, and three large hard X-ray hutches for three experimental stations, which are located on the three Aramis beamlines (see Fig. 1 for a schematic layout of the experimental areas). In addition to the experimental hutches there will be laboratory space for chemical and biological sample preparation, and technical work areas for instrument assembly and testing. Optical lasers will be available for both Athos and Aramis experiments, with the laser infrastructure installed directly in the soft X-ray experimental hall and on the first floor above the hard X-ray experimental hutches (see Fig. 1 ).
The SwissFEL accelerator scheme is shown in Fig. 2 . The initial installation of the Aramis hard X-ray branch was completed in 2017, and is scheduled to begin user operation in 2018. It consists of the electron gun and injector, followed by three linear accelerator (linac) stages to accelerate the electrons to their highest energy of 5.8 GeV. In order to achieve the upper target X-ray photon energy of 12.4 keV (1 Å) this requires a low-emittance electron beam. After the electron acceleration stages the photons are generated by 12 in-vacuum undulator modules with variable gap. [5, 6] This variable gap allows the photon energy to be easily changed, which is important for X-ray spectroscopy experiments. [7] The soft X-ray Athos branch of the accelerator uses the first two Aramis linac stages to achieve an electron energy of 3 GeV, and a fast electron kicker to direct the beam into the Athos undulators. Linac 3 can be used to accelerate or decelerate the electrons, allowing it to cover the full electron energy range (2.1-5.8 GeV) while maintaining a stable electron energy for the Athos branch. The Athos undulator section allows full polarization control over the X-rays while still allowing for easy scanning of the photon energy, while the Aramis undulators produce horizontally polarized photons, also tunable over a wide energy range.
cover the full X-ray photon energy range with varying energy resolution. Aramis 1 has vertically deflecting harmonic rejection mirrors following the monochromator to remove the higher-order X-ray harmonics when operating in the lower range of X-ray photon energies (2-5 keV) where significant harmonic contamination can be especially problematic for spectroscopic measurements. [12] The beamlines are equipped with flexible Kirkpatrick-Baez focussing mirrors, allowing the X-ray focus to be changed depending on the experimental requirements (1.5-100 µm). Because of the achromatic nature of these optics they will not need to be adjusted when changing the X-ray photon energy. Future possible upgrades to the beamlines include compound refractive lenses for simpler focussing requirements and phase-retarders to be able to control the hard X-ray polarization on the sample. [13] In addition to the X-ray optics the beamlines also include several different diagnostics elements to report on the properties of the X-ray beam. Depending on their application they can be destructive, precluding any other measurement from taking place with the XFEL beam, and online, providing information concurrent to an experiment for every X-ray pulse. The information recorded for every pulse inThrough the use of vertical mirrors both of these modes share the same beam path, allowing all the downstream optics, diagnostics and experimental positions to remain unchanged when switching between modes. When using monochromatic mode the X-ray beam direction will remain unchanged when scanning the X-ray energy through the use of fixed-exit monochromator designs. Each monochromator has three crystal pairs mounted, which will include Si(111), Si(311) and InSb(111), which will SwissFEL will operate Aramis initially using two electron charge modes which will allow users to choose between high perpulse X-ray flux (200 pC, 50 fs FWHM) or short pulse duration (10 pC, 1 fs FWHM). In the future several more advanced operation modes are anticipated including broad X-ray bandwidths (5-7%), [8] attosecond pulse durations (100 as), and two-pulse operation with tuneable pulse energies and time delays. [9] The Athos branch has similar advanced capabilities, but with some additional possibilities introduced by the installation of magnetic chicanes between the undulator modules, the so-called CHIC mode of operation. [10, 11] In final operation capacity SwissFEL will be able to operate both Athos and Aramis simultaneously by producing and accelerating two electron bunches separated by 28 ns, then using a fast electron kicker to direct one of the bunches into the Athos accelerator branch. The SwissFEL design parameters are given in Table 1 .
Beamlines
The hard X-ray branch of SwissFEL consists of three planned beamlines, each delivering the FEL radiation into three experimental hutches. [12] The initial phase of operation will cover the first two experimental hutches, with the third planned for installation in the coming years. The optics scheme for the beamlines is shown in Fig. 3 .
The beamlines are physically separated by the use of horizontal offset mirrors that direct the XFEL beam either to the left or the right, allowing for three different beam trajectories. Each beamline will be capable of operating in either so-called pink beam mode, with the full XFEL X-ray spectrum delivered to the experiment (0.05-7%), or monochromatic mode where only a narrow X-ray bandwidth is used (e.g. 0.015%).
Ta ble 1. SwissFEL design parameters covering both the soft and hard X-ray branches. Values in red are advanced operation modes. imental stations have similar beamline capabilities, as illustrated in the previous section, but the instruments located at the experimental stations are focussed on emphasizing different X-ray techniques. The conceptual design reports for all instruments presented in this section are available on the SwissFEL website. [23] Experimental Station Alvra [24] The layout of the ESA experimental hutch is shown in Fig. 4 . ESA is focussed primarily on two techniques: X-ray spectroscopy [7, 25] and Serial Femtosecond Crystallography (SFX). [26, 27] X-ray spectroscopy involves measuring the X-ray transmission or X-ray fluorescence of a sample as a function of monochromatic X-ray energy. [3] These measurements can provide information on the local electronic and geometric structure around the absorbing species. [25] SwissFEL will be particularly suited for these types of experiments due to its variable-gap undulators [28, 29] which can easily scan the X-ray energy of the XFEL over a very wide range, allowing techniques such as X-ray absorption nearedge structure (XANES) and Extended X-ray absorption fine structure (EXAFS) to be used. [25] SFX is a technique that has been developed for protein crystallography where a stream of small crystals is delivered into the focussed X-ray beam using a range of different injector techniques, and the diffraction pattern from each crystal is recorded on a large two-dimensional detector. [30] Though the intense XFEL pulse destroys the crystal, because an ultrashort X-ray pulse is used the diffraction occurs before the atoms have time to move from their lattice positions. [31, 32] SFX can resolve room-temperature protein structures to better than 2 Å resolution on very small crystals, [26, 30] which expands the technique to include samples that are difficult to crystallize, such as membrane proteins. [33] ESA has the additional capability of performing X-ray emission spectroscopy (XES) which uses X-ray diffraction from an analyser crystal to measure the scattered or fluorescence X-ray photons with high energy resolution. [34] ESA uses short focal length crystals (25 cm) in a dispersive von Hamos geometry [35] to measure a range of XES energies in a single measurement. This spectrometer can also be used for a variety of other scattering measurements include off-resonant techniques [36, 37] and inelastic X-ray scattering (IXS).
These techniques will be applied at two instruments, which are located in line with the X-ray beam: ESA Prime and ESA Flex (see Fig. 4 ). Due to the flexible KB mirrors the X-rays can be focussed at either instrument, with the minimum focus of 1.5 µm achieved at ESA Prime. Both instruments delivered with uncompressed pulses down to the experimental hutch where it is split into two branches with separate pulse duration compressors: one for the X-ray timing tool diagnostic [18, 19] and the other for the experiment. For photochemistry and photobiology the samples will often require excitation in the UV to IR range, which is covered by a high-power Topas optical parametric amplifier (OPA). The anticipated pulse energies delivered to the experiment are shown in Table 2 . In addition to the UV to IR wavelengths the laser is capable of generating a range of additional frequencies for sample excitation, including THz generation. [22] The laser can provide pulses at frequencies ranging from the maximum repetition rate of SwissFEL (100 Hz) down to single pulses.
Experimental Stations
SwissFEL will operate initially with two experimental stations. Experimental station Alvra (ESA) is focussed on photochemistry and photobiology while Experimental station Bernina (ESB) on condensed matter physics. Both expercludes the X-ray spectrum, [14, 15] the X-ray pulse energy and the X-ray beam position. [16, 17] When pump-probe experiments are performed a specialized timing diagnostic is used to provide information on the relative time-delay between the optical laser excitation pulse and the probe X-ray pulse. [18, 19] This information allows the experiment to achieve the best time resolution possible and corrects for the various timing instabilities that can affect these types of experiments. [20] The goal of the timing diagnostic is to provide 10 fs time resolution for the experiments.
Laser
In order to fully take advantage of the femtosecond time resolution the XFEL is capable of providing, each experimental station has access to a highly reliable commercial laser system. These laser systems are based on Ti:Sa technology and provide 20 mJ, 35 fs pulses at 100 Hz. [21] These lasers are located in a climate controlled room on the first floor above the ESA X-ray hutch (see Fig. 1 The Lausanne CenTre for uLTrafasT sCienCe (LaCus)
Bragg angles (>85°) and segmented X-ray crystals [35] this spectrometer is capable of 100 meV energy resolution. Both instruments are shown in Fig. 6 .
Experimental Station Bernina
The Aramis 2 beamline is very similar in scope to Aramis 1, making the X-ray properties available at ESB very similar to those available at ESA. The primary difference is longer focal length KB mirrors, providing a larger minimum X-ray focus of 2.5 µm. [12] ESB is focussed primarily on solid state physics experiments, [47] building upon the expertise acquired [48] at the FEMTO laser-electron slicing source installed at the Swiss Light Source. [49, 50] The primary tool for this will be a six-circle hard X-ray Kappa-diffractometer (XRD) with a 1.5M Jungfrau 2D detector mounted on the detector arm, which is capable of both resonant and non-resonant diffraction experiments. In addition to this instrument the experimental station will have a general-purpose instrument (GPS) upon which users can mount or build their experimental setup. These instruments are mounted on a rail system transverse to the beam to allow them to be moved in and out of position, while maintaining the same X-ray focus position. Both instruments will have access to the optical laser for pump-probe experiments and a large-area 2D Jungfrau detector, which is mounted on a robot arm on the X-ray hutch ceiling to allow for flexible positioning. A specific focus for these instruments is the ability to use strong THz fields for sample excitation, [21, 22] which allow for direct excitation of lattice dynamics in the condensed phase. [51] The layout of the ESB hutch is shown in Fig. 7 .
In addition to the two instruments described above a third instrument will be in use at ESB. This instrument, named ESB-MX, is designed to perform protein crystallography measurements using samples on a solid support. [52] This has the advantage of increasing the hit rate of the protein crystals, which is a restriction of the liquid jet delivery methods. ESB-MX will consist of a chamber filled with He to reduce X-ray background scatter and highspeed translation stages that are capable of positioning the samples to within 1 µm accuracy at 100 Hz. The X-ray crystallography measurements will be performed with the Jungfrau 16M detector on the ceiling-mounted robot arm. The instrument will include a robot for automated sample exchange, allowing for very high throughput measurements. This allows for two methods of operation: 1) pre-location of the protein crystals on the solid support, [53] allowing pre-programming of the support trajectory upon insertion at ESB-MX, or 2) raster scanning of the support to efficiently is below 1.5 Å and the X-ray spectrometer will be capable of measuring the full photon energy range of SwissFEL (2.1-12.4 keV) resonantly, with non-resonant measurements below 1.5 keV. This energy range is shown in Fig. 5 with the elements labelled and the specialized analyser crystals shown.
ESA Flex is a flexible instrument that allows users to build up the experiment as required. It is mounted on a motorized table, allowing user-supplied chambers to be installed for the measurement. ESA Flex also includes a configurable X-ray spectrometer that can be mounted in a variety of positions to measure a range of scattering angles, in both vertical and horizontal geometries. When used with large can be used with the optical laser for pumpprobe experiments, with an anticipated time resolution of better than 50 fs. [19] ESA Prime has a chamber that can be operated under vacuum, He, or neutral atmosphere and combines a large 2D Jungfrau scattering detector [38] [39] [40] and a dual-crystal from a Hamos X-ray emission spectrometer. This allows experiments to be performed using both scattering and emission techniques simultaneously, which has proven to be a powerful combination for molecular [41, 42] and protein [43, 44] samples. The chamber has the possibility of using different types of sample injectors, including several specifically for SFX sample delivery. [45, 46] The expected achievable resolution of the crystallography measurements at 12.4 keV (101) TlAP (002) PET (002) InSb (111 measure randomly located crystals. In addition to techniques specific to solid support methods, ESB-MX will also be capable of more conventional protein crystallography methods, including goniometer rotation scans with large protein crystals. [54, 55] Fig.  8 shows how the temporary installation of ESB-MX will look in the ESB X-ray hutch.
Chemistry at SwissFEL
Chemistry is by necessity a multi-technique field of research since the samples themselves cover all forms of matter. In this section we will highlight some examples of how XFELs have been used to investigate chemical problems to illustrate how the SwissFEL experimental stations will be applied in the future.
Aramis
The field of photochemistry has long been investigated using time-resolved techniques. The ability to monitor energy relaxation pathways after photoexcitation using optical laser techniques has represented the core of femtochemistry research. [56] This has recently been expanded to X-ray based structural techniques, including X-ray absorption spectroscopy [25] and X-ray scattering, [57, 58] and X-ray techniques to probe electronic structural dynamics, such as X-ray emission spectroscopy. [25] These techniques have often been combined since they provide complementary information on disordered systems, such as molecules or proteins in solution.
An example of how X-ray techniques have contributed to a better understanding of molecular photochemistry is in the field of spin-crossover molecular systems. [59, 60] The metal centres of these molecules (e. 3 ) with a large spin-state gap that could only be excited with visible light, [61] but though the timescales of the dynamics were well established, the character of the electronic states involved were under debate. X-ray absorption experiments were able to identify the structure of the quintet high-spin state, [62] and to establish that this structural change took place more quickly than previously assumed possible (<150 fs). [63] Developments in UV transient-absorption spectroscopy were able to confirm this time-scale of population of the high-spin state and identify a vibrational mode coupled with this singlet-to-quintet spin state transition. [64] The high spin state character was also confirmed using X-ray emission spectroscopy with 100 ps time resolution, [65] demonstrating this technique's sensitivity to the Fe spin state [66] but without the ability to achieve better time resolution to resolve the relaxation cascade. The open question was how the initial excitation into a singlet metal-to-ligand charge transfer state ( 1 MLCT) could then populate a metal-centred quintet highspin state ( 5 T) so quickly. Several intermediate states were suggested, including triplet MLCT and metal-centred states, [67] but no conclusive explanation was forthcoming since no spin-sensitive experimental techniques were available with the required time resolution. In an attempt to understand the solvent interaction with these types of excited states, [68] time-resolved experiments were performed combining both XES and wide-angle X-ray scattering (WAXS, also called X-ray diffuse scattering or XDS). [69] These results illustrated the complementary nature of XES, which provides information on the electronic state of the spin-crossover molecule, and WA XS, which provides information on both the structural changes in the molecule, but also on the solvent cage surrounding the molecule and the bulk solvent dynamics in response to the photoexcitation. With the introduction of XFELs both the XAS [70] and combined XES/WAXS [41] experiments were repeated with these new sources of high-brightness femtosecond X-rays, though for technical reasons the time resolution was limited to around 500 fs, which restricted their ability to provide new information on the spin state relaxation cascade. The primary new information was that WA XS reported on ultrafast solvation changes around the excited molecule which corresponded to an increase in bulk solvent density on a timescale of 1 ps. The Fig. 6 . Models of the two instruments available at ESA. Left: ESA Prime, a chamber capable of operating under vacuum, He, or neutral atmosphere, which combines an X-ray emission spectrometer and a large 2D Jungfrau scattering detector for photochemistry or photobiology experiments. Right: ESA Flex, a flexible station for user-mounted experiments with a configurable high-energy resolution X-ray spectrometer. advantage of the development of viscous sample injectors, [45] which allow crystals to be mixed into the delivery medium [84, 85] and then extruded from the injector into the XFEL beam. In addition to room-temperature structural measurements, this technique has also been demonstrated for time-resolved protein crystallography, [86, 87] which can undoubtedly be extended to molecular crystals as well. Preliminary experiments have already been demonstrated on a powder of a perovskite manganite in a cryo-cooled liquid ethanol jet, [88] illustrating that SFX need not be restricted solely to protein crystals.
Athos
While the focus has initially been on the installation and commissioning of the hard X-ray branch of SwissFEL, the extension to the soft X-rays in the Athos branch has also been in development. A sophisticated undulator approach (CHIC [11] ) ensures a flexible photon source for experiments, [9, 10] and a novel undulator design allows for easy control over polarization and photon energy. [8] The definition of the three beamlines and their experimental stations is currently in progress in consultation with the SwissFEL user community. Experiments performed at other soft X-ray FEL facilities around the world have established certain methods as being specifically relevant to chemistry research, and will be considered for development at SwissFEL. Surface chemistry has proven a rich area for soft X-ray FEL research, due to the high absorption cross-section for low energy X-rays which allow them to be surface sensitive. This has allowed experiments to investigate monolayers of molecules, such as CO and atomic oxygen, on a metal surface and their response to photoexcitation of the metal. [89, 90] These measurements represent the first structurally-sensitive experiments able to probe transition states in chemical reactions during catalytically-active processes. [91] A second class of experiments has investigated photochemical processes of species in solution using resonant inelastic X-ray scattering (RIXS) in the soft X-ray regime. This has allowed researchers to follow the most fundamental of chemical processes: bond-breaking and bond-making. By photo-dissociating a CO ligand off a parent complex (iron pentacarbonyl, Fe(CO) 5 ) researchers were able to follow the dissociation and immediate formation of a solvent-molecule complex, and by using simulations were able to suggest an electronic relaxation pathway consistent with their experimental results. [92, 93] A third class of experiments takes advantage of a combination of different probe techniques in a general-purpose experimental chamber, [94] which is capable of electron/ ion coincidence measurements, [95, 96] Auger structural changes. [76] [77] [78] ESA is designed expressly for these kinds of experimental techniques: combining X-ray spectroscopy with X-ray scattering with excellent time resolution. We anticipate that as these techniques become more mature and their analysis more routine, combined with the introduction of additional facilities capable of these experiments, [79] photochemistry on species in solution will undergo an explosion of interest in the chemistry community. The solution-phase experiments will be complemented by the recent development of gas-phase molecular scattering techniques. [80, 81] Though a majority of hard X-ray chemistry experiments performed to date at XFELs have been as described above, there are several other opportunities at SwissFEL which can be envisioned. One aspect which has not been well-explored has been the ability to measure the photochemistry of molecular crystals. The main restriction to these experiments involves the sample damage inherent to XFEL measurements and the inability to refresh the solid sample easily. These problems have been overcome at storage rings [82] and experiments have demonstrated their potential at XFELs. [83] The ability to measure crystal structures using large protein crystals and moving to a new spot between FEL pulses has been demonstrated so it is clear that similar measurements on molecular crystals at SwissFEL using an instrument such as ESB-MX will be possible in the future. A second approach would be to take conclusion drawn was that upon spin state excitation the structural change caused the expulsion of two water molecules from the solvation shell around the molecule, in agreement with theoretical predictions. [71] The most recent X-ray measurement to contribute to this discussion used XES with 150 fs time resolution, courtesy of the development of a timing tool for X-raylaser jitter correction at LCLS. [72] These measurements were compared with XES measurements on reference compounds in various Fe spin-and oxidation states. The conclusions drawn were that at early times (50 fs) the spin-state was not purely a quintet, but more consistent with a triplet ligand-field excited state ( 3 T). This result is not the final conclusion since subsequent optical results [73] with even better time resolution indicate that at 50 fs the molecule is in the high-spin state, essentially precluding the ability of the molecule to relax through a ligand-field 3 T unless this process was occurring on a timescale of 20 fs. This overview illustrates how the combination of ultrafast optical and X-ray techniques have been used to address the question of ultrafast spin-state excitation, a question which has still not been fully resolved and will require X-ray measurements with 20 fs time resolution or better.
Though here we have presented but a single research example these techniques have been applied to many different fields of investigation, including donor-bridge-acceptor complexes, [42] intramolecular dynamics, [74, 75] and protein electron measurements, [97] and X-ray scattering measurements. [98] [99] [100] When used in combination with a variety of sample injectors, including molecular beams, clusters, liquid jets and single-particle injectors, [101] this type of instrument allows for many different kinds of experiments. The development and design of soft X-ray instruments for use at SwissFEL is currently ongoing.
Conclusions
SwissFEL will begin user operation with two hard X-ray experimental stations in 2018, providing researchers with access to high-intensity femtosecond X-ray pulses that can be used for a broad range of research activities. Experimental station A provides users with instruments that are designed for X-ray spectroscopy and scattering experiments, including serial femtosecond crystallography. In addition to these general features the ESA Prime instrument will also be able to investigate a spectroscopy regime currently not accessible at any other XFEL: the tender X-ray energy range from 2-5 keV. This spectral range covers elements such as S, P, Cl, and Ca, all of which are biologically relevant, and the 4d metals, which include Ag, Pd, Rh, and Ru, many of which are important for catalysis chemistry. The ability to probe these elements and others using resonant X-ray emission spectroscopy (RXES, also sometimes called RIXS) allows researchers to obtain information on both the occupied and unoccupied states of the absorbing species, [102, 103] whether that be the HOMO/ LUMO of a molecule or the valence/conduction band of a semiconductor. This information, when combined with the local structure of an excited state, provides an enormous amount of information relevant to chemistry research. Experimental station B is focussed on condensed matter investigations, with the ability to investigate thin films or bulk crystals under a range of different environments using resonant or non-resonant X-ray diffraction. These techniques can be applied to systems such as photoactive molecular crystals [82, 83, 104] or possibly photochemically-active nanostructured thin films. [105] With these experimental stations, and the development of future instruments at SwissFEL, we hope to enable chemists to perform ground-breaking research at our facility. We are looking forward to working closely with the Swiss chemistry community in the coming years.
